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T
he preponderance of mammalian
resistance to infection is inher-
ited rather than acquired. Even
without lymphoid cells, mammals

still protect themselves. They respond vio-
lently to bacteria, fungi, and viruses; or,
more precisely, to specific molecular com-
ponents of these organisms. Most of the
molecular targets for recognition have
been known for decades (1). However,
only recently have the receptors and path-
ways for innate immune sensing been
elucidated, and at that, only in part. The
molecular basis of lipopolysaccharide rec-
ognition was established by positional
cloning in 1998, with the identification of
Toll-like receptor 4 (TLR4) as a highly
specific, nonredundant receptor for lipo-
polysaccharide (2). This identification set
the stage for the use of reverse genetic
methods to establish the sensing functions
of TLRs 1–3 and 5–9. Mouse TLR7 (3)
and human TLRs 7 and 8 (4) sense imida-
zoquinolines, which are guanosine-based
drugs that induce an antiviral response in
vivo. TLRs 7 and 8 are close phylogenetic
relatives that arose from a recent X-linked
duplication event, and in the mouse, it is
believed that TLR8 is biologically inactive,
because animals lacking TLR7 are entirely
unresponsive to imidazoquinolines. How-
ever, the natural (microbial) ligand(s) for
TLRs 7 and 8 have remained a subject of
considerable puzzlement. In what is surely
a landmark piece of work, in a recent
issue of PNAS Lund et al. (5) have
provided the answer. Their data are con-
cordant with those from two other labora-
tories, adduced independently (6, 7). We
now have a more complete picture of
what the TLRs do and are also left with
several important questions, as discussed
below.

TLRs 7, 8, and 9 form an evolution-
ary cluster (8), and TLR9 is a sensor for
unmethylated DNA (9). TLR3, although
evolutionarily distant from TLRs 7, 8,
and 9, is a sensor for double-stranded
(ds)RNA (10). TLRs 3, 7, 8, and 9 all
seem to be located within the endo-
somes (11–13), and are targeted to the
endosomes by structural features of the
cytoplasmic domain (12). Stimulation of
TLRs 7 or 9 causes a type I IFN
response (Fig. 1).

Both the TLR3 3 Trif pathway (14,
15) and the TLR9 3 MyD88 pathway are
required for effective responses to mouse
cytomegalovirus infection (16). Because
TLRs 3 and 9 sense nucleoside-based li-
gands and are required for effective anti-
viral defense, because TLRs 3, 7, 8, and 9

are located within the same cellular com-
partment, and because TLRs 7 and 8 also
sense nucleoside-based molecules, it was
logical to posit that TLRs 7 and 8 might
also detect viral infections; but which class
of viruses and what molecules?

By using TLR7-deficient mice, Lund et
al. (5) demonstrated that single stranded
(ss)RNA viruses [either vesicular stomati-
tis virus (VSV; a rhabdovirus) or influ-
enza virus (an orthomyxovirus)] stimulate
type I IFN responses through TLR7. The
authors also showed MyD88 dependence
through the use of MyD88-deficient mice.
By contrast, responses to the dsDNA vi-
ruses HSV1 and HSV2 do not require
TLR7. Regardless of the route of internal-
ization of an ssRNA virion: whether by

plasma membrane fusion (as for VSV-
RSV-F or Sendai virus), or through endo-
some membrane fusion (as for VSV or
influenza virus), sensing occurs within the
endosome because acidification of the
endosomal vacuole is required for a
response.

A Spatial View of Self and Nonself
Any immune system must discriminate
between molecules of self and nonself,
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Fig. 1. What is the role of mTLR7 in the antiviral response? Many ssRNA viruses (including VSV and
influenza viruses) engage host cell receptors that trigger endocytosis. Once within endosomes, these
enveloped virions fuse with the membrane to release their capsids into the cytosol. However,
maturation and acidification of the endosomal vesicle may damage some viral particles, leading to
ssRNA release. Human TLR8 (hTLR8) and mouse TLR7 (mTLR7), which are only expressed within
endosomal membranes, recognize ssRNA [especially poly(U) and poly(U�G) motifs in the case of
hTLR8], which triggers activation. Their associated signaling pathways involve myeloid differentiation
factor 88 (MyD88), IL-1 receptor-associated kinase 4 (IRAK4), and tumor necrosis factor receptor-
associated factor 6 (TRAF6), which lead to NF-�B activation and inflammatory cytokine production.
mTLR7 and hTLR8 might also activate a MyD88-independent pathway involving IFN regulatory factor
3 (IRF-3), or perhaps another IRF family member. This activation leads to the expression of type I IFNs.
mTLR7 may also recognize ssRNA derived from viruses that release directly their capsids into the
cytosol through plasma membrane fusion (data not shown). The mechanism by which ssRNA would
find its way to the endosome in this case is not clear. TLRs 3 and 9 are also activated by viral nucleic
acids: dsRNA- and DNA-bearing unmethylated CpG motifs, respectively.
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and it has long been believed that the in-
nate immune system has solved this prob-
lem by targeting molecules that simply do
not exist in the host. ssRNA obviously
does exist in the host, and indeed, is very
abundant. The notion of ‘‘pattern recogni-
tion,’’ never particularly robust, is once
more challenged by the fact that ssRNA
presents no obvious ‘‘molecular pattern’’
to be recognized. Heil et al. (6) observe
that U-rich or U�G-rich oligonucleotides
(but not A�G-rich oligonucleotides), pre-
sented as a complex with cationic lipids
(but not in free form), induce recognition
by means of mouse TLR7 and human
TLR8. However, this tendency may not be
sufficient to permit discrimination be-
tween viral and host ssRNA. Diebold et
al. (7) note that all forms of ssRNA
tested, including mouse splenocyte RNA
and in vitro-transcribed mRNA encoding
GFP, induce TLR7-dependent signaling.
Hence, the consensus view holds that in-
tracellular location of ssRNA, rather than
ssRNA structure per se, is the key deter-
minant of mouse TLR7- and human
TLR8-mediated cell activation. Similar
puzzles have been confronted before.
For example, host RNAs are inevitably
double-stranded to some extent. The abil-
ity of TLR3 to detect dsRNA thus poses
an analogous issue of specificity. The
work of Karikó et al. (17) suggests that in
vitro-transcribed mRNAs can indeed stim-
ulate TLR3, provided that they are pre-
sented to cells in a manner likely to cause
uptake via the endosomal pathway.

Because acidification of the vacuole is
required to permit detection even when
viruses have deposited RNA into the cy-
toplasm by fusion with the plasma mem-
brane, it is possible that cells have a
mechanism for targeting capsids to the

endosome. On the other hand, not much
virus needs to enter the endosomes by
means of phagocytosis to elicit a response,
even when such agents as Sendai virus or
VSV-RSV-F are used as inducers. Assum-
ing that the endosomal compartment is 1
�m in diameter and is spherical, its vol-
ume is �5.2e-19 liters, and a single viral
ssRNA molecule would have a 3-�M con-
centration within the organelle. It is be-
lieved that TLRs directly engage microbial
inducers such as lipopolysaccharide (18,
19) and unmethylated DNA (20), and
whereas the affinity of the interaction is
not known, it is entirely possible that
strong activation of one or perhaps many
TLR complexes might result from such a
polyvalent stimulus, particularly if the in-
ducer were hydrolyzed to yield dozens of
fragments, each capable of triggering a
response.

Because any ssRNA molecule that finds
its way to the phagosome is likely to elicit
an innate immune response, whether it
has arisen from the host transcriptional
machinery or from a virus, it is immedi-
ately clear that bad things might befall
the host as a result of aberrations in the
ssRNA sensing system. The recent dem-
onstration that host DNA plays a part in
the pathogenesis of autoimmunity because
it activates TLR9 (21, 22) throws the
question into relief: can ssRNA also
enhance an autoimmune response? Can
dsRNA do so? Are TLRs 3, 7, 8, and 9
key purveyors of the ‘‘innate immune
component’’ of autoimmunity? It is also
likely that the adaptive immune response
to mRNA, elicited by transfection of
dendritic cells (23, 24), owes its effective-
ness at least partly to the adjuvant effect
of the mRNA itself.

Challenges That Remain
Both TLR7 and TLR9 seem to be capa-
ble of initiating type I IFN synthesis in a
MyD88-dependent manner. However,
other TLRs that activate MyD88 clearly
cannot do so. TLR2, for example, de-
pends on MyD88 and MAL to signal
(25, 26), but does not activate the IFN-�
gene (27). TLR4 also activates MyD88
and MAL (25, 26), but absent the
adapter Trif (14, 15), cannot activate
IFN-� gene transcription either.

As already mentioned, TLRs 7 and 8
are encoded by X-linked genes. Hypomor-
phic mutations affecting these genes
would be phenotypically exposed at a very
high frequency in the population because
males would often be hemizygous for
them. Are some males vulnerable to viral
infection as a result of such mutations?
Very possibly, although it may be that
such mutations are relatively rare. More-
over, in humans (unlike mice), TLRs 7
and 8 may have at least partially redun-
dant functionality, each covering for the
absence of the other should it occur. Both
human TLR7 and human TLR8 sense
imidazoquinolines, for example. But what,
if anything, does TLR8 sense in mice?
Also, what is the natural ligand for human
TLR7? It is very uncommon to find truly
orthologous proteins with entirely differ-
ent functions in humans and in mice, and
TLR7 and TLR8 became paralogs long
before mice and humans diverged from a
common ancestor. Have these particular
TLRs acquired divergent function in the
years since speciation occurred? Or are
mouse TLR8 and human TLR7 each on
the way to becoming degenerate pseudo-
genes? Questions like these will engage
workers in the TLR field for many years
to come.
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